INTRODUCTION {#s1}
============

There is continuing interest in the use of microbeam irradiation systems designed to deliver a defined number of charged particles on a single cell with a resolution of a few micrometres. Irradiation of an exact number of charged particles on a single cell means that the limitations of the Poisson distribution of the number of charged particles can be overcome. This is especially important in low-dose regions because a small number of charged particles per cell will inevitably lead to large fluctuations in the cell population in a broad-beam irradiation field. Moreover, microbeams are particularly useful in the field of radiation-induced bystander effects, an important phenomenon in low-dose effects \[[@RRS132C1], [@RRS132C2]\]. In addition, microbeams with beam sizes of less than a few micrometres enable us to irradiate a desired site within the cell.

The earliest experiments employing single-cell microbeam irradiation with accelerated charged particles were performed in the 1950s \[[@RRS132C3]\]. Radiation biology using microbeam irradiation techniques has been advanced remarkably by the successful development of the proton and helium ion microbeams at Gray Cancer Institute and Columbia University in the 1990s \[4--6\]. These two microbeam facilities adopted collimation systems with a capillary or a pair of apertures and successfully produced 5- to 10-μm diameter beams. Such beam sizes are almost the lower limit for a collimator-based microbeam of light ions, and thus microbeams focused with electrostatic/magnetic lenses have been developed to reduce the diameter of the beam. In addition to beam size, another important feature of microbeams for radiobiological studies is the orientation of the beam line, either horizontal or vertical. A vertical beam has an advantage over a horizontal beam in that a cell dish can be set on the micro-positioning stage in its natural orientation and held there with a simple holder, allowing cells to be maintained in an optimal environment that minimizes cell stress. At present, many charged particle microbeam facilities equipped with focusing or collimation have been established and are operational \[7--10\]. Several proton microbeam facilities provide vertical beams of less than a few micrometres in diameter. Microbeam II of Radiological Research Accelerator Facility at Columbia University achieves an upward vertical beam with a sub-micrometre beam diameter by electrostatic quadrupole triplet lenses, and the current overall irradiation throughput is about 10 000 cells/h \[[@RRS132C7], [@RRS132C8]\]. The microbeam facility at Physikalisch-Technische Bundesanstalt (PTB) provides downward vertical beams with a diameter of a few micrometres, and the overall experimental speed is 50 000 cells/h by using an electrostatic beam scanner \[[@RRS132C12]\]. Recently, the Surrey vertical microbeam facility was reported as a new facility that provides an upward vertical microbeam of ions from protons to calcium with a diameter of a few micrometres \[[@RRS132C13]\]; however, mammalian cells were irradiated with a time-controlled method, and thus the precise number of irradiated particles is unknown. In this paper, we describe the current status and performance of the proton microbeam irradiation system named the Single Particle Irradiation system to Cell (SPICE) at the National Institute of Radiological Sciences (NIRS). SPICE provides a 3.4-MeV proton microbeam focused with a quadrupole magnetic lens on an upward vertical beam line. The construction of the prototype of SPICE began in 2003 with the primary goal of targeting 2000 cells/h with a 2-μm diameter proton microbeam \[[@RRS132C14]\]. After improving the vertical beam line structures and accelerator stability, a beam size of 10 μm was obtained in 2006 \[[@RRS132C15]\]. After further optimization of the beam focusing system and improvements in the stability of the bending magnets, the beam size was reduced to approximately 5 μm. In 2008, an automated cell recognition system for targeting cell nuclei in a 2.5 mm × 2.5 mm area of the cell dish was also completed \[[@RRS132C16]\]. Now, after additional improvements, SPICE provides a beam size of approximately 2 μm in diameter and its irradiation procedures are fully automated with high-throughput irradiation of 3000 cells in a 5 mm × 5 mm area in a single dish within 15 min after placing the cell dish on the micro-positioning stage. At present, SPICE is the only proton microbeam facility at which a single-ion single-cell irradiation can be performed on mammalian cells with stability and high throughput by using an upward vertical beam of 2-μm diameter, focused with a magnetic quadrupole triplet lens. A variety of irradiation modes have been established for radiation-induced bystander effect, cytoplasm irradiation and so on. In addition, a time-controlled irradiation mode for targeting thick biomaterials has also been established, and this mode has been demonstrated with zebrafish embryos elsewhere \[[@RRS132C17], [@RRS132C18]\]. These SPICE performance modes are in routine use and are stable enough to conduct irradiation experiments. SPICE is currently administered as a joint-use research facility for collaborative projects and its beam times are provided for collaborative research.

MATERIALS AND METHODS {#s2}
=====================

Outline of SPICE {#s2a}
----------------

The SPICE facility at NIRS is a focused vertical microbeam system designed to target the nuclei of adhesive mammalian cells by irradiation with a defined number of protons \[14--16\]. It is one of four beamlines at the NIRS electrostatic accelerator facility, which supplies protons and helium ions from the 1.7-MV Tandetron accelerator (Model 4117MC, High Voltage Engineering Europa B.V., the Netherlands) equipped with a duo-plasmatron type ion source (Model 358, High Voltage Engineering Europa B.V., the Netherlands). The other three beamlines are the conventional in-vacuum PIXE line, the in-air PIXE line and the micro-PIXE line for two-dimensional mapping of multi-elemental distributions \[[@RRS132C19]\]. The system for PIXE analysis and the Tandetron accelerator is called PASTA (*P*IXE *A*nalysis *S*ystem and *T*andem *A*ccelerator).

Figure [1](#RRS132F1){ref-type="fig"} shows a schematic diagram of SPICE with a photograph of the microscope and operation systems. A 3.4-MeV proton beam passes through the microslits, the beam deflector (which acts as a shutter), and then the 90° bending magnet by which the beam direction is changed from horizontal in the micro-PIXE beamline to vertical in the SPICE beam line. In the vertical SPICE beam line, the proton beam is focused to a spot approximately 2 μm in diameter by the slits and quadrupole magnetic lens and then led into air through the exit window of a 200-nm thick silicon nitride film. The proton microbeam passes through the Mylar film of the cell dish that is placed on the micro-positioning stage of the fluorescent microscope and then irradiates a cell. After passing through the cells, the protons enter the plastic scintillator of the particle detector mounted on the lens slide unit of the microscope, which is set above the cell dish. The resultant scintillation light is converted into an electric pulse; the number of pulses translates directly into the number of protons that irradiated the cell. When the pulse number reaches a preset value, irradiation is stopped and the cell dish is moved to place another cell in the beam position. All the devices are controlled by an operation system consisting of two computers. The microscope and operation systems are set in an irradiation cabin on a platform with an outer frame that is 4.6 m above the floor. The inner frame is the vertical beam line cradle. In the basement of NIRS, a biological laboratory equipped with benches, incubators, an off-line microscope and other equipment is available for biological experiments, such as sample preparation and bio-assays after microbeam irradiation. Fig. 1.A schematic diagram (**A**) of the vertical microbeam system for 3.4-MeV proton, SPICE of NIRS, and a photograph (**B**) of the microscope system and the computers of the operation system.

Vertical beam line and beam focusing system {#s2b}
-------------------------------------------

The microslits in front of the beam deflector limit the cross-section of the proton beam, so that it passes through the centre of the bending magnet, and reduce the beam intensity to 1.0 × 10^4^ protons/s for routine irradiation. The fast beam deflector is installed upstream of the bending magnet and is used to switch the beam on and off on demand. It consists of two parallel metal electrodes, 60 mm in length with electrode gaps of 20 mm, which are connected to a pulse generator module (PVM-4210, Directed Energy Inc., CO, USA) providing two simultaneous differential voltage pulses of +950 V and--950 V to each electrode with a pulse rise and fall time of 15 ns. The bending magnet (Takano Giken Co., Ltd, Japan) has a bending radius of 400 mm with a magnetic gap of 32 mm and is driven by a power-supply unit (Ultrastab867-2001, Denmark) with a stability of 10^−6^. To increase the stability of the magnetic field, a magnetic-field controlling unit (ENC-150NIT; Echo-Electronics Co., Ltd, Japan) with a nuclear magnetic resonance (NMR) probe (Echo-Electronics Co., Ltd, Japan) is employed.

The beam focusing system consists of objective and emittance micrometre-controlled slits (OM10; Oxford Microbeams, Ltd, Oxford, UK) and a monobloc triplet quadrupole magnetic lens (Q-lens) (OM170; Oxford Microbeams, Ltd, UK), which is designed for vertical mounting. The Q-lens focuses the image of the objective slits that are installed just above the bending magnet, and the emittance slits limit the divergence of the beam. These slits are driven by linear actuators (MAS-D23H10; Citizen Chiba Precision Co. Ltd, Japan) with a position resolution of ±3 µm. The distance from the objective to emittance slits is 1810 mm and that to the entrance of the Q-lens is 2750 mm. The distance between the exit of the Q-lens and the focal plane at the Mylar film is 150 mm. With this configuration, the demagnification factors in the X and Y directions, as defined in Fig. [1](#RRS132F1){ref-type="fig"}. are 4.6 and 25, respectively, according to a first-order transport calculation (PBO Lab 2.1.2, Accelsoft Inc., CA, USA) \[[@RRS132C20]\]. The Q-lens is equipped with a power supply and a DC current transducer (originally designed by Takano Giken Co., Ltd, Japan), which monitors the applied current and provides feedback to the voltage reference used to generate the demand signal; the stability of the current is 10^−6^. The upper limit of the beam intensity is set by the shutter speed; thus, the system is routinely adjusted to fix the beam intensity to 1 × 10^4^ protons/s. The size and shape of the focused beam were observed using the fluorescence from a CaF~2~ crystal (1 mm thick) set on the Mylar film of the cell dish, and confirmed not to drift within the net microbeam irradiation time (usually 3 h) in a working day.

Figure [2](#RRS132F2){ref-type="fig"} shows a schematic diagram of the microscope system and associated components. Before reaching the target cell on the Mylar film, the 3.4-MeV proton microbeam traverses the beam exit window, the air gap between the window and the Mylar film, and the Mylar film; the energy of the incident protons decreases to 3.37 MeV and the beam is also broadened. Thus, this distance needs to be as short as possible; the exit window is a 200-nm thick silicon nitride film 1 mm^2^ in area (Silson Ltd, UK), which sustains the pressure difference between the vacuum of the beam line and atmospheric pressure. The air gap is the minimum practical distance, 100 μm, which is determined by measuring the focal distance between the top of the window and the bottom of the film using the 20× objective lens of the microscope. Fig. 2.A schematic diagram of the microscope system and the end of the vertical beam line.

Particle detector and CR-39 plastic track detector {#s2c}
--------------------------------------------------

The particle detector is set in an objective lens shaped container, in which a plastic scintillator 1 mm thick with silver deposition on one side (NE102; Ohyo Koken Kogyo Co., Ltd, Japan) is set in front of a compact-size photomultiplier tube (R7400U-03; Hamamatsu Photonics K.K., Japan). The particle detector is mounted on the lens slider unit of the microscope and set above the cell dish during irradiation (see Fig. [2](#RRS132F2){ref-type="fig"}). The scintillation light produced by incident protons is converted to an electrical pulse by the photomultiplier. After low-height signals from the background noise are excluded by a discriminator module (octal discriminator, KN1300; Kaizu Works, Co., Japan), the standard nuclear instrumentation module (NIM) pulse output is fed into a computer-based counter board installed in the DOS-controlled computer, thus counting the number of protons transmitted through the cells. When the number of protons reaches a preset number, the DOS-controlled computer sends a trigger signal to close the shutter and stops counting 1 ms later. The trigger signal to the pulse generator module for the shutter is transferred by an optical fibre cable to reduce any time delay that may affect the precision of the particle delivery to the target. The exact number of incident protons is controlled by the particle detector and fast beam shutter.

The two-dimensional microbeam profile is detected by a plastic track detector (CR-39, HARZLAS TD-1; Fukuvi Chemical Industry Co., Ltd, Japan) that can record tracks of protons with energies of up to ∼ 20 MeV; the detection efficiency of 3-MeV protons is considered to be 100% \[[@RRS132C21]\]. A CR-39 disk with a diameter of 15 mm and a thickness of 110 µm, which is shorter than the range of 3.37-MeV protons in the CR-39 (186.56 µm \[[@RRS132C22]\]) is adhered to the Mylar surface of the cell dish. After irradiation, the CR-39 disk is etched in 7 M NaOH at 70°C for 2 or 3 h and then observed with a confocal laser microscope (Fluoview1000, Olympus Co., Japan) with a 40× objective lens (NA: 0.95; UPLSAPO 40 × 2, Olympus Co., Japan) over 1024 × 1024 pixels (0.309 μm/pixel) or with a 20× objective lens (NA: 0.75; UPLSAPO 20 × , Olympus Co., Japan) over 1024 × 1024 pixels (0.623 μm/pixel).

Microscope system {#s2d}
-----------------

A schematic diagram of the microscope system is shown in Fig. [2](#RRS132F2){ref-type="fig"} and consists of a fluorescent microscope (BX51; Olympus Co., Japan) equipped with an X--Y stage (Seiko Precision Inc., Japan), lens slider unit (Seiko Precision Inc., Japan), and a Charge Coupled Device (CCD) camera (C4742-95-12ER, ORCA-ER; Hamamatsu Photonics K. K., Japan). The micro-positioning stage is set perpendicular to the proton microbeam and driven by two voice coil motors (TVA3-10; Techno-hands Co., Ltd, Japan) with an 8-mm working distance and an accuracy of 40 nm. The two objective lenses and particle detector are set on the lens slider unit, which is moved by a ceramic motor (HR-2; Nanomotion Ltd, Japan) in the horizontal direction with a resolution better than 0.1 μm. The slider can also be moved in the vertical (beam) direction using a Z-axis stage controlled by an ultrasonic motor (UN30NE; Canon Precision Inc., Japan) to set the lens at the focus position and to bring the particle detector down to the beam exit window. The CCD camera that records the fluorescent images is a high-resolution digital black and white camera with best noise characteristics at substantially high frame rates. A Xe lamp (U-LH75XEAPO; Olympus Co., Japan) and five dichroic mirrors (U-MBF3, U-MWU2, U-MWIBA3, U-MGFPPHQ, U-MWIGA3) are used for the observation of different fluorescence wavelengths, and a halogen lamp (U-LH100L-3; Olympus Co., Japan) is used for positioning the cell dish and confirming the air gap distance. Light exposure from the halogen and Xe lamp can be turned on and off with a mechanical shutter (Sigma Koki Co., Ltd, Japan) controlled by the Windows OS computer.

Cell dish and cell culture {#s2e}
--------------------------

The cell dish for the microbeam irradiation has to satisfy several requirements: first, the dish must be capable of culturing mammalian cells; second, the bottom film of the dish must be as thin as possible so as to keep the divergence of the microbeam to a minimum; and third, the bottom film must have good access on both the lower and upper sides for the beam to pass through the exit window and to the particle detector and objective lens. A photograph and schematic diagram of the cell dish are shown in Fig. [3](#RRS132F3){ref-type="fig"}. The bottom of the dish is a Mylar film (Chemplex Industries, Inc., FL, USA) with a thickness of 2.5 µm, which is the thinnest commercially available, and is stretched so that it is tight and smooth within the jig. The jig consists of three stainless steel parts: a 55 mm × 55 mm square plate 5 mm in thickness with a central hole 33 mm in diameter, a ring with an inner diameter of 33 mm and screws to fix the plate and ring. In addition to the standard cell dish, a smaller dish is prepared for time-lapse observations of the targeted cells in the off-line microscope system, since the cell dish must be put in a small CO~2~ incubation chamber (Type-UK; Tokai Hit Co., Ltd, Japan). For the smaller dish, the four corners of the bottom plate are removed, and the inner diameter of the ring is reduced to 24 mm (Fig. [3](#RRS132F3){ref-type="fig"}A; right). Fig. 3.A top view photograph (**A**) and a schematic diagram in section (**B**) of the two types of cell dishes. The Mylar film on which cells are grown is stretched tight and smooth with tow jigs: the left one has a steel ring of 33 mm inner diameter and the right has an inner diameter of 24 mm; these are referred to as the 33-mm dish and 24-mm dish, respectively.

The Mylar film is set 0.5 mm above the bottom of the square plate to prevent the film from attaching to the bench surface during the procedures necessary for pre- and post-irradiation and in the case of the dish being placed in other containers for cell culture. The beam exit pipe has an outer diameter of 3 mm, and the distance between the beam exit window and the Mylar surface is set so that the air gap is 100 µm, as mentioned earlier. Since the inner edge of the cell dish and the objective lens limit the movement of the micro-positioning stage, the practical working distance is limited to within a 7 mm × 7 mm area for the 33-mm dish and a 2.5 mm × 2.5 mm area for the 24-mm dish.

Prior to cell culturing, the stainless steel parts of the cell dish were sterilized by an autoclave, and after the dish is assembled, the Mylar film is sterilized by 70% ethanol and UV irradiation. The bottom side of the Mylar film is marked with a cross in the X--Y direction using a permanent marker. The intercept is used as a landmark to define the origin, i.e. (X, Y) = (0, 0), and for later observation of the cells.

For the preliminary experiments, the WI-38 human normal diploid cell line (lung fibroblast, ATCC number: CCL-75) was used. Cells were cultured on the surface of the Mylar film directly or after being coated with 100 ng/ml fibronectin (356008; BD Biosciences, MA, USA) in phosphate buffered saline (PBS). Culturing was performed in an antibiotic-supplemented media (D-MEM with 10% foetal bovine serum (FBS), 2 mM [l]{.smallcaps}-Glutamine, 100 U/ml Penicillin and 100 µg/ml Streptomycin) in 5% CO~2~ in air at 37°C. An appropriate number of cells for the microbeam irradiation is 3--5 × 10^5^ cells per 33-mm dish with 2 ml medium or 2--3 × 10^5^ cells per 24-mm dish with 1 ml medium. The WI-38 cells were cultured in the cell dish the day before irradiation and stained with 1 μM Hoechst 33342 (H342; Dojindo Molecular Technologies, Inc., Japan) in a CO~2~ incubator 30 min before irradiation. The toxicity of the fluorescent dye must be confirmed and optimized with each cell line, as has been reported previously \[[@RRS132C23]\].

Control system {#s2f}
--------------

The control system consists of two computers, a Windows OS computer as a platform and a DOS-controlled computer, and software. The principal connections between the control system and the components of the microbeam system are shown in Fig. 1. The vast majority of the operational features of SPICE are controlled by the Windows OS computer (Pro4700; Seiko Epson Corp., Japan) with software developed in-house. The software controls the experimental procedures automatically including the image processing of the CCD camera images, the movements of the lens slider, Z-axis unit and micro-positioning stage, and the signaling to the beam deflector. The computer-based counter boards for the particle detection are integrated into the DOS-controlled system.

Fluorescent image capturing and cell recognition {#s2g}
------------------------------------------------

Figure [4](#RRS132F4){ref-type="fig"} shows examples of fluorescent microscope images of the WI-38 cells. Since the 20× objective lens is set on the lens slider unit, a single CCD image covers an area of 430 μm × 330 μm over 1344 × 1024 pixels (Fig. [4](#RRS132F4){ref-type="fig"}B). A larger image can be constructed by tiling several images taken successively by moving the micro-positioning stage in the X and Y directions. The maximum image size constructed from 12 × 16 single images is 5.16 mm × 5.28 mm. Figure [4](#RRS132F4){ref-type="fig"}A shows an example of a tiled image 2.58 mm × 2.64 mm in size constructed from 6 × 8 single images. The single image indicated by the white rectangle is shown in panel B. Fig. 4.Fluorescent microscope images of the WI-38 normal human fibroblast cells dyed with Hoechst 33342. (**A**) A microscope image constructed from 6 × 8 single images each 430 µm × 330 µm in size taken with a 20× objective lens. The total image size is 2.58 mm × 2.64 mm. (**B**) An enlarged view of the single image indicated by the rectangle in (A). (**C**) An enlarged view of the two cell nuclei in the white rectangle in (B). The green ellipses define the cell nuclei identified by the recognition software; identification (ID) numbers are also shown for each nucleus. Scale bar sizes are shown in figures in micrometres.

Figure [4](#RRS132F4){ref-type="fig"}C shows an enlarged view of the image indicated by the rectangle in panel B. The green ellipses surrounding the bright areas, identified as cell nuclei, are results of the automated recognition software Pit Fit, which was specifically designed to measure the etch pit opening parameters on the CR-39 nuclear track detector \[[@RRS132C24], [@RRS132C25]\]. The first step is to set a threshold value for the fluorescent intensity to separate the cells from the background and set upper and lower limit pixels of the object areas to discriminate against objects that are too large or too small. According to these parameters, the X--Y coordinates of the centre of the fluorescence area are calculated based on a least-squares fit to a second order polynomial, *ax*^2^ + *bxy* + *cy*^2^ + *dx* + *ey* + *f* = 0, with the constraint 4*ac* − *b*^2^ = 1, which defines the assumed elliptical shape of a cell nucleus. The intersections of the major and minor axes of the fitted ellipses give the (X, Y) coordinates of the centres of the cell nuclei. Figure [4](#RRS132F4){ref-type="fig"}C shows an example image with the fitted ellipses and their identification (ID) numbers. The ID numbers given to each (X, Y) coordinate set together with the corresponding to the cell images are shown on the display of the operation system, and the first set of parameters are adjusted until proper cell recognition is achieved. The final ID numbers, (X, Y) coordinates and cell images are saved to the Windows OS computer as a log file, which can be used at the time of irradiation and for later biological experiments.

Targeting patterns {#s2h}
------------------

The default targeting pattern mode is single position irradiation at the centre of the cell nucleus for all nuclei with the same preset number of protons or for each nucleus to be irradiated with a different number of protons. In addition to the default mode, three types of optional targeting modes are provided for a variety of radiobiological studies: a fractional population targeting mode, a multi-position targeting mode for nucleus irradiation and a cytoplasm targeting mode. In the fractional population targeting mode, which is useful for bystander-effect studies, the percentage of irradiated cells among all cells is a set value. The targeted cells are selected randomly from the list of (X, Y) coordinates.

A schematic diagram of the multi-position targeting mode is shown in Fig. [5](#RRS132F5){ref-type="fig"}A. The ellipses represent the cell nuclei, and the solid circles are the automatically calculated central points. The open circles are off-centre positions at a distance of *d* μm, which can be up to 20 μm. The number of off-centre positions in a nucleus, *p*, can be set from 1 to 4, and their (X, Y) coordinates are calculated automatically in fixed directions regardless of the direction of the fitted ellipses. For *p* = 1, the position is on the right-hand side of the centre in the X direction; for *p* = 2, the positions are on both sides of the centre in the X direction; for *p* = 3, one position is above the centre in the Y direction and two positions are at angles of ±120° to the Y direction; and for *p* = 4, two positions are at angles of ±45° and two are at angles of ±135° to the X direction. For this mode, all the off-centre positions are irradiated with an option to also irradiate the centre position; thus, a total of eight different patterns are available. Fig. 5.Schematic diagrams of the optional targeting modes. (**A**) The multi-position targeting mode: the centre of the cell nucleus is shown by a solid circle, and off-centre positions at a distance of *d* μm (up to 20 µm) are shown by the open circles. The configurations for different numbers of off-centre positions, *p* (= 1, 2, 3 or 4), are also shown. (**B**) The cytoplasm targeting mode. The two open circles on the major axis are a distance of *d* from the centre.

A schematic diagram of the cytoplasm targeting mode is shown in Fig. [5](#RRS132F5){ref-type="fig"}B. The positions indicated by the two open circles are calculated according to a desired off-centre distance of *d*, which is larger than the major radius. The +*d* position only or both off-centre positions can be targeted in this mode, with an option to include the centre of the nucleus, giving four different patterns. The fractional population targeting mode can also be used in conjunction with the cytoplasm and multi-position targeting modes.

Time-controlled irradiation for thick biomaterials {#s2i}
--------------------------------------------------

Thick biomaterials will be used to denote biological targets thick enough to prevent the 3.37-MeV protons, which have maximum range in water of 180 μm, from entering the particle detector installed above the cell dish and thus preventing a direct count. The number of protons is indirectly estimated by the product of the average number of protons per second and the time width of the beam shutter opening. The time width can be set from 100 μs to 1 s. If the number of protons per second is adjusted to produce the routine intensity of 1 × 10^4^, then the irradiation time for 500 protons is 50 ms with a standard deviation of about 5.4%. Since the number of protons obeys a Poisson distribution, statistical fluctuations are inevitable; that is, the statistical standard deviation is 4.5% (= (500^1/2^/500) × 100). This means that the standard deviation of the proton intensity is mainly due to this statistical deviation. Stable time-controlled irradiation is achieved due to the stability of the accelerator, bending magnet and vertical beam line.

An example of thick material is zebrafish (*Danio rerio*) embryos, which have a diameter of about 700 μm at a developmental stage of 5 h post-fertilization (hpf). The special setup for holding the zebrafish embryos is described elsewhere \[[@RRS132C17], [@RRS132C18]\]. Briefly, to restrict the movement of the embryos, ∼17 dechorionated embryos are placed on the surface of the Mylar film and packed into a 3 mm × 3 mm hole of a silicon nitrite plate with 7.5 mm × 7.5 mm frame and a thickness of 200 μm (Silson Ltd). The embryos are placed such that all embryo cells are oriented towards and contacting the Mylar film surface. Images are captured using the 2× objective lens with an image size of 4.3 mm × 3.3 mm, which includes all embryos in the restricted area in a single image. The targeted positions are marked manually on the captured image. The time period for a desired number of protons is estimated by the beam intensity (counts per second) measured using the particle detector prior to the embryo irradiation. The number of protons irradiating the embryos is determined by averaging the counts measured with the same time width of the beam shutter opening before and after sample irradiation.

Visualization of DNA double strand breaks in microbeam irradiated cells {#s2j}
-----------------------------------------------------------------------

For the visualization of DNA double strand breaks, the irradiated cells were incubated under culture conditions for 30 min before fixation and immunostaining against γ-H2AX, which is known as a marker for DNA double strand breakage \[[@RRS132C26]\]. Cells were fixed using 4% paraformaldehyde for 15 min and permeabilized at room temperature in 0.5% Triton X-100 in PBS for 10 min. After cells were washed and blocked (0.2% BSA in PBS) for 1.5 h at 37°C, they were incubated with primary antibodies at 1:500 (Anti-phospho-Histone H2A.X (Ser139) Antibody, clone JBW301, 05-636; Merck Millipore, MA, USA) overnight at 4°C and with secondary antibodies at 1:400 (Alexa Fluor^®^ 488 Goat Anti-Mouse IgG (H + L), A-11001; Molecular Probes, OR, USA) for 1 h.

RESULTS {#s3}
=======

Beam size measurement and microbeam drawing using CR-39 {#s3a}
-------------------------------------------------------

The beam size was determined by a CR-39 plastic track detector. Figure [6](#RRS132F6){ref-type="fig"}A shows images of the CR-39 detector after irradiation with 1 to 1000 protons at different positions at 50-µm intervals and etching for 2 h. From this image, over 95% of the protons were calculated to be delivered to an area with a diameter smaller than 2 µm for 100 protons per position and to an area with a diameter smaller than 5 µm for 1000 protons per position. In terms of the positional stability, the beam position does not move during the typical 3-h beam time. Fig. 6.(**A**) Beam profiles recorded on a CR-39 detector after irradiation with different numbers of protons, as indicated above the images. Square indicates 5 µm × 5 µm size. (**B**) Microbeam drawing of '*The Great Wave off Kanagawa*' (Hokusai) on a CR-39 detector. Scale bar: 100 µm.

Figure [6](#RRS132F6){ref-type="fig"}B shows an image drawn on a CR-39 detector using the microbeam (microbeam drawing). The image is Hokusai\'s '*The Great Wave off Kanagawa*'*.* The image was first converted to 275 × 400 points and an 8-bit grey scale, which was then translated into preset numbers of protons from 0 to 10. The CR-39 plate was irradiated with the microbeam for the preset numbers of protons at 3-µm intervals, and the microbeam drawing had a final size of 825 μm × 1200 μm. Of the 110 000 (= 275 × 400) points, 21 281 points were irradiated by one or more of the 164 314 protons, and the microbeam irradiation was completed within 43 min, meaning that 8.2 positions were irradiated in 1 s.

Proton delivery precision {#s3b}
-------------------------

The dosage precision, which is defined as the percentage of precise irradiations for a preset number of protons, was examined for the single-particle irradiation case. Instead of the cell dish, a thin CR-39 detector was adhered to the surface of the Mylar film, and thus the results of the CR-39 detector were simultaneously obtained with those of the particle detector. The thickness of the CR-39 detector was chosen to be within the range of 80--90 μm so that the energy loss and spatial scattering of the proton beam were similar to those for a cell sample with a thin medium layer and a thin polypropylene film, as determined by an SRIM-2010 calculation \[[@RRS132C22]\]. In this way, we can directly compare the results of the particle detector and the CR-39 detector under similar irradiation conditions. The comparison was used to optimize several parameters related to detector efficiency, such as the beam intensity, beam deflector voltage and discrimination level of the particle detector signals.

Figure [7](#RRS132F7){ref-type="fig"} shows a representative image of a CR-39 detector after irradiation with one proton at 21 × 21 lattice points at 20-μm intervals and subsequent etching for 3 h. There is 1 etch pit at each lattice point except for the 5 lattice points indicated by the crosses where there is either no etch pit (2 points) or 2 etch pits (3 points). A total of 4410 points from 10 images like those of Fig. [7](#RRS132F7){ref-type="fig"} were analysed: 31 points had no etch pit, 4366 points had 1 etch pit, 12 points had 2 etch pits, 1 point had 3 etch pits and no points had 4 or more etch pits. The dosage precision was 99.00% (= (4366/4410) ×100). Table [1](#RRS132TB1){ref-type="table"} summarizes the number of lattice points with 0, 1, 2 and 3 etch pits of the CR-39 and the number of lattice points classified according to the particle detector counts (1, 2 and 3) that were simultaneous measured. The discrepancy between the number of CR-39 etch pits and the counts of the particle detector is considered to be caused by false counts due to noise except for the lattice point with 2 etch pits and 1 count, which may be explained by the piling up of two proton pulses so close in time that the pulses were recognized as a single big pulse. The particle detector correctly counts one proton for 4321 positions and two protons for 11 positions. This gives a counting accuracy of 98.23%, which is the probability of accurate detection. Fig. 7.(**A**) 21 × 21 array of etch pits at 20-µm intervals on a CR-39 detector after irradiation at each point with a single proton and subsequent etching for 3 h. The six crosses indicate points at which there is no etch pit or two etch pits. Scale bar: 100 µm. Table 1.Numbers of lattice points with zero, one and two etch pits of CR-39 with numbers of lattice points classified according to the particle detector counts (1, 2 and 3) simultaneous measured after the irradiation of the CR-39 detector at each lattice point with the preset number of protons, *n* = 1Number of lattice pointsNumber of etch pits per lattice point0123Subtotal%Particle detector count^a^131432110435398.712044111561.273010010.02Subtotal3143661214410%^b^0.7099.000.270.02[^1][^2][^3]

Microbeam-induced DNA double-strand breaks in a targeted mammalian cell {#s3c}
-----------------------------------------------------------------------

To determine whether the microbeam irradiation has sufficient accuracy for mammalian cell studies, DNA double-strand breaks induced in the cell nuclei by irradiation were visualized using the γ-H2AX immuno-staining technique \[[@RRS132C26]\]. Figure [8](#RRS132F8){ref-type="fig"}A shows an example image of the WI-38 cells irradiated at the centre of the nucleus with 200 protons and subsequently immune-stained with anti-γ-H2AX antibody and a Alexa 488 secondary antibody. First, the efficiency of the automatic cell recognition program was tested. A total of 3061 cells was confirmed by manual scoring in an irradiation area, but only 2982 cells were automatically recognized by the analysing software using optimized parameters; thus, 97.4% of the cells were successfully recognized. The missing portion was mainly due to overlapping cells, which were sometimes recognized successfully as two single cells but occasionally falsely identified as a large dust particle.

![Detection of microbeam-induced DNA double-strand breaks in targeted WI-38 cells in which the nuclei were stained with Hoechst 33342 (blue) and immuno-stained against γ-H2AX (green). (**A**) Cell nuclei irradiated at one position with 200 protons. (**B**) Cell nuclei irradiated at five different positions with 200 protons per position. Scale bar: 20 µm.](rrs13208){#RRS132F8}

Within the irradiated area, there were 2892 γ-H2AX positive cells, which show a clear γ-H2AX fluorescent spot in the nuclei. The immune-fluorescence positive cells accounted for 97.0% of the targeted cells and 94.5% of the total cells. The difference in the percentages was mainly due to the detachment of cells during the irradiation and immuno-staining procedures in addition to a few cells that showed a highly positive response to γ-H2AX but did not show a clear fluorescent spot and were thus excluded from the count.

Figure [8](#RRS132F8){ref-type="fig"}B shows an example of the multi-position targeting mode with *p* = 4 and an off-set distance of 3 μm with the central position irradiation included; this results in a total of five irradiated positions. Five distinct fluorescent spots shown in Fig [8](#RRS132F8){ref-type="fig"}B were observed in the five nuclei in this figure, indicating that the double strand break induction did not diverge over the 2-μm diameter of the microbeam. Similar images to Fig. [8](#RRS132F8){ref-type="fig"}B have already been reported using the heavy ion microbeam of GSI, Darmstadt, after immuno-staining of cell nuclei against 53BP1 or γ-H2AX \[[@RRS132C27], [@RRS132C28]\]. It should be noted that heavy ions are advantageous for these experiments because they are less readily scattered, and particle detection is less problematic in the microbeam technique. In contrast to heavy ions, protons are easily scattered in materials, and therefore, the beam exit window, air gap and cell cultured film all critically broaden the size of the microbeam. These physical characteristics have also been mentioned by others \[[@RRS132C30]\]. Regardless of the critical disadvantages of the proton beam, we demonstrated a 2-µm beam size and a high targeting resolution equivalent to those of heavy ion microbeams.

DISCUSSION {#s4}
==========

Protons of 3.4 MeV {#s4a}
------------------

Since the linear energy transfer (LET) is one of the important values that characterize radiations, LET in water of the 3.37-MeV protons was calculated using SRIM-2010 as 11.0 keV/μm \[[@RRS132C22]\]. This LET value is the same as that for 1 keV electrons with a 53-nm range \[[@RRS132C31]\], and thus the results from the 3.4-MeV proton microbeam can be considered relevant for simulating biological effects by low LET radiations, with respect to LET. The LET of electrons increases to a maximum of 30 keV/μm at 0.1 keV and then decreases with increasing energy. The maximum LET of protons is 82.6 keV/μm at 80 keV, but the LET increases from 11.0 keV/μm at 3.4 MeV to 30 keV/μm at 0.8 MeV, and over the maximum decreases to 30 keV/μm at 5 keV. Thus, protons with an energy range of 3.4--0.8 MeV and those below 5 keV have similar LETs at electron track ends. This can be considered as the most unique and significant property of microbeam-applied radiation biology with the proton microbeam system.

In terms of the absorbed dose, the passage of a 3.4-MeV proton through a cell nucleus with an assumed cross-section of 100 μm^2^ gives an estimated dose of 17.6 mGy per proton with an LET in water of 11 keV/μm; the absorbed dose is proportional to the LET, inversely proportional to the cross-sectional area and independent of the thickness of the nucleus if the change in the LET during passage through the nucleus is neglected. The cell geometries of WI-38 cells were measured, which were prepared exactly as those in Fig. [8](#RRS132F8){ref-type="fig"} except for the cytoplasm, which was fluorescently dyed with 5 μM Cell Tracker Orange (C2927; Molecular Probes, OR, USA) to measure the whole-cell area, and visualized with a confocal laser microscope (Fluoview1000; Olympus Co., Japan). The maximum thickness, cell nucleus area and cell area, measured for 250 cells, were 4.4 ± 1.8 µm, 230 ± 52 µm^2^ and 380 ± 82 µm^2^, respectively. Thus, the dose for the WI-38 cell and its nucleus can be estimated as 7.6 mGy and 4.6 mGy per single proton traversal with a LET of 11 keV/μm, on the assumption that LET does not change appreciably thorough the cell thickness of 4.4 μm, which can be considered to be a relevant value due to the very small thickness of the cell. From this estimation, SPICE is sufficient in delivering a precise dose to the desired site in the cell from a low dose of several milligrays to up to several grays to several thousand cells in the limited experimental time. Therefore, studies of the distinctive biological effects reported in the low-dose region below 200 mGy, such as hyper-radio-sensitivity and other phenomena \[[@RRS132C23], [@RRS132C32], [@RRS132C33]\], are practicable with a sufficient statistical targeted cell population number using SPICE. However, it should be kept in mind that these calculations of absorbed dose are superficial, because the cross-sectional area cannot be determined uniquely, for example, if the cross-sectional area is assumed to be 3.14 μm^2^ corresponding to the area of the microbeam diameter of 2 μm, which is 8.26 × 10^−3^ (= 3.14 μm^2^/380 μm^2^) of WI38 cells and the absorbed dose becomes (4.6 mGy × 121.02 =) 557 mGy.

Performance and overall evaluation {#s4b}
----------------------------------

The 2-μm diameter beam size enables us to irradiate the nucleus or cytoplasm of a single mammalian cell, and the number of protons irradiating a single nucleus can be controlled to be one to several thousand with a precision of 99%. Furthermore, SPICE is also convenient and stable. All procedures are controlled automatically by the operation system except for setting the preset number of protons during the standard microbeam irradiation targeting monolayer cells. This may be quite convenient for radiation biologists who are not familiar with microbeam experiments but also very time consuming. For thick biomaterials, such as the zebrafish embryos, a standard microbeam protocol was also established \[[@RRS132C18], [@RRS132C19]\]. SPICE provides a stable microbeam for 3 h, and under the standard irradiation protocol conditions, 3000 cells in a cell dish can be irradiated within 15 min, meaning that 12 dishes can be irradiated in 3 h. Since 2009, SPICE has been administrated as a 'joint-use facility for collaborative research', and thus researchers outside NIRS can apply for beam time of SPICE after their research proposals are approved. In 2010, SPICE provided 80 days of 3 h beam time slots a day to external users.

Future improvements {#s4c}
-------------------

In each nucleus of the cells in Fig. [8](#RRS132F8){ref-type="fig"}A there is a single γ-H2AX fluorescent spot corresponding to the double strand breaks induced by the microbeam. The fluorescent spots, however, are shifted slightly away from the centre of the cell nuclei. In addition, in the cells in Fig. [8](#RRS132F8){ref-type="fig"}B, the five fluorescent spots show an apparent deviation from the centre to the same extent towards the lower right. A few cells in other images also had fewer than five fluorescent spots, indicating that the centre of the nuclei were not targeted accurately. The targeting accuracy is affected mainly by four factors: (i) the positional stability of the microbeam; (ii) the accuracy of the micro-positioning stage; (iii) calibration error of the pixel size in the obtained microscopic images, which were used to calculate the (X, Y) coordinates of each cell nucleus; and (iv) the difference between the real and calculated position due to lens distortions. The first two factors can be considered to be negligible owing to the beam stability discussed earlier, and the micro-positioning stage has an accuracy of 40 nm, which is sufficient for these measurements. Accurate calibration of the microscope image and the stage movement is necessary to achieve a targeting accuracy below 2 µm. The calibration error of the pixel size may need to be improved further for large area irradiation. Moreover, the microscope image of the beam spot and the cells may shifted due to various refraction effects, and the effects of focusing and illumination can give rise to targeting errors of 1 μm or more. The difference between the true and apparent positions becomes substantial when the cells or the beam are off axis \[[@RRS132C33], [@RRS132C34]\]. Additional analysis software for calculating the targeting position, including these calibration procedures, is under development to improve the targeting accuracy. Moreover, higher throughputs are still desired for studies of radiation induced mutagenic and oncogenic endpoints where yields are ∼10^−4^, and SPICE is now under consideration for improvement on irradiation speed by beam-scanning mode.
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[^1]: Protons penetrated through the CR-39 detector with 80--90 µm thickness and then hit the plastic scintillator of the particle detector. The total number of lattice points was 4410 coming from 10 images with 21 × 21 lattice points.

[^2]: ^a^ Since the operation system sent the close signal to the shutter after the particle detector counted one for the irradiation with the preset number of protons, *n* = 1, it was impossible for the number of counts of the particle detector to be 0.

[^3]: ^b^ The sum of the percentages was not 100 owing to a rounding-off error.
